The electronic structure of the diatomic species CoH, CoH + , and CoH − have been studied mainly by multireference configuration interaction (MRCI) methods and basis sets of quintuple quality. The restricted coupled-cluster with iterative singles + doubles + quasi-perturbative connected triples, RCCSD(T), approach was also employed, limited however to the ground states only. At the MRCI level we have constructed 27 (CoH), 24 (CoH + ), and 12 (CoH − ) potential energy curves correlating adiabatically to six, seven, and two energy channels, respectively. For the ground states scalar relativistic and core-subvalence effects have been taken into account. We report energetics, spectroscopic parameters, dipole moments, excitation energies, and spin-orbit coupling constants. Our CoH calculated results are in accord with experiment, but there is an interesting discrepancy between theory and experiment concerning the dipole moment, the former being significantly larger than the latter. symmetries with calculated (experimental) dissociation energies D 0 0 = 46.4 ± 0.5(45.0 ± 1.2), 49.6(47 ± 2), and 45.6(43.1 ± 1.2) kcal/mol, respectively. In all 24 calculated CoH states, a Co-to-H charge transfer of 0.2-0.3 e − is recorded; in CoH − , however, the negative charge resides almost exclusively on the Co atom.
I. INTRODUCTION
The present work is a comprehensive high level ab initio study of the diatomic cobalt hydride, CoH, and its ions CoH + and CoH − . The simplicity of the hydrogen atom makes the theoretical study of diatomic hydrides (ZH) relatively easier and more accurate as compared to corresponding non-hydride systems. Hence ab initio studies of the ZH diatomics are of importance for reasons of benchmarking and validation of our methods and techniques, as well as to test new ones towards a better understanding of the correlation problem. Therefore, in general, one would expect the existence of a large body of accurate ab initio studies on the ZH class of molecules. Though this is the case for the elements of the second (Z = Li-F) and third (Z = Na-Cl) row of the Periodic Table, it is not so for the 3d-transition metal hydrides MH, M = Sc-Cu. In particular, all electron first principles calculations on CoH are very few indeed (vide infra). There is, however, a considerable number of experimental publications on CoH (Refs. 1-21) beginning in 1937 by the work of Heimer, 1 who through emission spectroscopy observed a 22 243 cm −1 = 4 → = 4 transition, correctly predicting the symmetry of these two states as 3 4 . The ground state of CoH (
3 ) was determined in 1981 by Klynning and Kronekvist 2 by rotational spectroscopy, and conclusively confirmed a few years later by Beaton et al. 9 by laser magnetic resonance (LMR) spectroscopy. Table I collects the majority of experimental results on CoH. The dipole moment of two states have been also measured recently by Steimle's group, 21 μ = 1.88 ± 0.08 (X ; the A state is located ∼12 500 cm −1 above the X state; see Table I .
Theoretical ab initio work on CoH is confined to four publications, [22] [23] [24] 26 the first one by Das 22 who studied the entire 3d-MH (M = Sc-Cu) sequence by MCSCFpseudopotential methods. In 1986 Chong et al. 23 examined the ground states of the 3d-MH hydrides (M = Sc-Zn) by the modified coupled pair functional (MCPF) approach and better than double-zeta (DZ) basis sets. The first attempt for a more systematic theoretical investigation of CoH is that of Freindorf et al. 24 These workers studied 34 states of CoH around equilibrium (12 singlets, 16 triplets, and 6 quintets), through the MRD-CI multireference configuration interaction approach of Buenker and Peyerirnhoff. 25 They report bond distances (r e ), energy separations (T), and harmonic frequencies (ω e ). Their calculations, however, suffer from rather small basis sets and limited CI expansions. 24 The most recent first principles work on CoH is that of Hirano and co-workers 26 published in 2007. Employing MRCI+Q(+Q = Davidson correction) and MRCPA methods combined with large Slater-type basis sets (9s7p3d2f1g/ Co 5s3p1d/ H ), they calculated around equilibrium the X   3   and   5 states of CoH; their main target was the accurate determination of the bond distance of the X 3 state. They report r e , ω e , T e ( 5 -X 3 ) and the dipole moment of the X 3 state, μ = 3.23 D. 26 Finally, between 1997 and 2008, six density functional theory (DFT) calculations have appeared in the literature using a variety of functionals, [27] [28] [29] [30] [31] [32] focusing exclusively on the ground states of CoH and related diatomics. As is usually the case, at least for molecules containing 3d-transition metals, DFT results are a function of the functionals used. Concerning now the cation CoH + , the only experimental parameter known is the dissociation energy, D 0 0 = 47 ± 2 kcal/mol, determined through ion beam mass spectrometry by the Armentrout group. 10, 33 A more recent, but apparently less accurate value given also by the same group is, D 0 0 = 42 ± 4 kcal/mol.
14 Using the first D 0 0 number along with the experimental dissociation energy of CoH, 18 we can (indirectly) determine an experimental ionization energy (IE) of CoH through the energy conservation expression, IE(CoH)
We Table IV ). Ten years later Shaik and co-workers 37 studied the ground states of the 3d-MH + (M = Sc-Zn) series by the valence-bond method (VB-SCF), aiming at the interpretation of their bonding character within the spirit of the VB theory. Finally, Nakao et al. 38 in a study of the water activation by Co + , they also examined the We now turn to the anion CoH − . From the only one experimental work by photoelectron spectroscopy of Miller et al., 8 we know the following parameters of CoH − : r 0 = 1.67 ± 0.03 Å, ω e = 1300 ± 150 cm −1 , and the EA(electron affinity) of CoH, EA = 0.671 ± 0.010 eV; they also assigned tentatively the ground state of CoH − to 4 .
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Using the experimental EAs of CoH and H, 42 an experimental dissociation energy of CoH − can be deduced: ± we have also performed single reference coupled-cluster calculations. We report PEC, total equilibrium energies, spectroscopic paremeters, dipole moments, Mulliken charges, and spin-orbit coupling constants.
The paper is structured as follows: Section II refers to technical aspects, Secs. III A, III B, and III C pertain to results and discussion on CoH, CoH + , and CoH − , respectively, while the final Sec. IV gives a short overview and evaluation of our findings.
II. COMPUTATIONAL DETAILS
For the Co atom the correlation consistent (cc) 43 Perhaps a word should be said at this point as to the size extensivity and size-consistency terms, the former referring to linear scaling and the latter to energy additivity of non-interacting fragments. Certainly the MRCI calculations are size-nonextensive, therefore our equilibrium parameters have been corrected by the Davidson (+Q) correction. 52 The most conspicuous property that requires the energy calculation at "infinite" distance between the fragments (noninteracting limit), is the binding energy. It turns out that our MRCI calculations are size-consistent, that is, the separate energy sum E(Co) + E(H) or E(Co + ) + E(H), is equal to the total energy of the supermolecule at internuclear distances of 30.0 bohr; the same is practically true for the CoH − anion. This is expected in the present case because one of the fragments is a one-or two electron (H or H − ) system. Certainly the +Q correction is indispensable for correctly describing the electronic states. However the question is whether or not this correction is needed when the size-consistency is zero (CoH 0, ± 
X 3
Numerical results for the X 3 state of CoH are given in Table II , including experimental and selected theoretical values from the literature for easy comparison; Fig. 1 displays MRCI+Q/5ζ PECs. Observe that core (3s 2 3p 6 ) + relativistic effects combined, reduce the bond distance (δr e ) and binding energy (δD e ) by 0.017 Å and 6.2 kcal/mol at the MRCI level; corresponding numbers at the coupled-cluster level are 0.023 Å and 2.8 kcal/mol. For core effects alone δr e ∼ 0.0 Å in both methods, but δD e = -1. 18 We discuss now the bond distance, r e . In 1994 Beaton et al. 16 from their measured rotational constant, B 0 , and the vibration-rotation interaction constant α e = 0.219 74(2) cm −1 of Lipus et al., 13 they obtained r e (X 3 ) = 1.513 843 5(80) Å, using the relation B e = B 0 + α e /2. Two years later Ram et al. 19 by Fourier transform infrared spectroscopy determined B 0 , =4 and α e = 0.212 444 (93) cm −1 , thus r e (X 3 =4 ) = 1.531 291 (8) Å. The latter r e ( = 4) value, however, was "corrected" for spin-orbit effects by Tomonari et al. 26 through the formula B 0, = B 0 + (2B 2 0 /A ) , where A = -242.7 cm −1 is the experimental SO coupling constant; 11 is the projection of the spin along the internuclear axis; 0, ± 1 in the present case. These authors obtained r e (X 3 ) = 1.5161 Å, 26 practically equal to the value of Beaton et al. 16 and equal to the = 3 value of Ram et al., 19 r e (X From Table II we can see that the bond distance of the X 3 state is r e = 1.517 (1.519) [1.512] Å at the MRCI+Q (RCCSD(T)) [MRCI-L+Q] level of theory, in excellent agreement with the experimental value of 1.514 -1.518 Å. Core subvalence effects change the above r e numbers by less than 0.003 Å. Scalar relativistic effects, however, reduce the bond distance at all levels by ∼0.013 Å, thus at the highest level of theory r e converges to 1.500 Å; see Table II . Tomonari et al. 26 at their highest level of calculation, MRCPA(4), give r e (X 4 ) = 1.5066 Å. Although the relativistic DKH2 effects reduce the bond length they are able to better predict the binding energy or spectroscopic parameters (ω e ). Therefore we are rather inclined to accept that the agreement of the r e value with experiment at a lower level of theory (non-relativistic approach) could be a result of cancellation of errors. Since the relativistic approximation negatively affects the bond length a safe conclusion is that this approximation (although at a higher level than the non-relativistic one) still lacks these elements that would make it a better level of theory. That is, there are still certain internal imbalances with DKH calculations that would make them a "panacea" for computation. . We were unable, however, to calculate any significant equilibrium bond length differences between TABLE II. Total energies E (E h ), bond distances r e (Å), dissociation energies D e (kcal mol −1 ), harmonic frequencies and anharmonicity corrections ω e , ω e x e (cm −1 ), rotational-vibrational coupling constants α e (cm −1 ), and dipole moments μ (D) of the X 3 of CoH at various levels of theory. This bundle of four quintets, also correlating diabatically to the second channel, is well separated from the triplets with a mean MRCI+Q energy distance T e ≈ 8000 cm −1 and covering an energy range of ∼2000 cm −1 ; see Fig. 1 . We are rather confident that the spectroscopic labeling a, b, c, and d is correct. Through laser photoelectron spectroscopy we do know that a state tentatively assigned to a 5 is located at T 0 = 6625 ± 100 cm −1 with r e = 1.67 ± 0.05 Å. 8 The MRCI+Q r e and T values of the a 5 are (Table III) , r e = 1.636 Å and T e (T 0 ) = 6961(6834) cm −1 in very good agreement with experiment, therefore confirming the tentative assignment to 5 . Corresponding values at the MRCPA(4) level by Tomonari et al. 26 are, r e = 1.6320 Å and T e = 6331 cm −1 , similar to the present ones. Fig. 2 
Higher states
The MRCI+Q/5ζ PECs of 19 higher states are shown in Fig. 1 while numerical results are listed in Table III . Tables I and III and Fig. 1 20 From the high resolution emission spectroscopy study of these workers we know that T 0 (X It is remarkable that the experimental electric dipole moment of the A Table IV . At the MRCI (RCCSD(T)) level, combined core (3s 2 3p 6 ) and scalar relativistic effects reduce the bond distance by 0.006 (0.017) Å and increase the binding energy by 5.4 (4.1) kcal/mol. Notice also that both effects in both methods are practically additive. The C-MRCI+DKH2 (C-RCCSD(T)+DKH2) dissociation energy is D 0 = 49.6 (43.0) kcal/mol at r e (including +Q) = 1.521(1.514) Å. We believe that the multireference approach is more accurate for the system at hand, therefore, our recommended values are r e = 1.521 Å, D e (D 0 ) = 52.3(49.6) kcal/mol, and ω e = 1912 cm −1 . The C-MRCI+DKH2+Q (C-RCCSD(T)+DKH2) calculated ionization energy of CoH TABLE IV. Total energies E (E h ), bond distances r e (Å), dissociation energies D e (kcal mol −1 ), harmonic frequencies and anharmonicity corrections ω e , ω e x e (cm −1 ), and rotational-vibrational coupling constants α e (cm −1 ), of the X 4 of CoH + at various levels of theory. is, IE = 8.12 (8.03) eV in quite good agreement with the "experimental" value of 7.9 ± 0.1 eV. The first order SO interaction splits the X 4 state into four components, = 9/2, 7/2, 5/2, and 3/2, with a MRCI calculated SO constant |A| = 179.8 cm (Table V) . Assuming that core subvalence and relativistic effects follow similar trends as in the X 4 state, better estimates of r e and D e values can be obtained by decreasing the former by 0.006-0.007 Å and increasing the latter by ∼5 kcal/mol (vide supra), thus r e = 1.51, 1.54, 1.62 Å and D e = 50, 46, 37 kcal/mol for the A, B, and C states, respectively.
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2 , 1 2 , 1 2 , 1 2 −
The four doublets above are related adiabatically to the first channel (a 3 F + 2 S), diabatically, however, to the third channel, i.e., Co + (b 3 F) + H( 2 S); see Fig. 3 . The second channel, a 5 F + 2 S, is precluded because it gives rise to quartets and sextets (vide supra); see Fig. 3 with r e = 1.405 Å, has the shortest bond length of all studied states of CoH + ; see Table V .
Higher states
Numerical data for 16 higher states are collected in Table V . The next four quartets, 2 4 − , 2 4 , 2 4 , and 2 4 , correlate adiabatically to the second channel, a 5 F + 2 S, diabatically, however, to the third one, b 3 F + 2 S (Fig. 3) . Their MRCI adiabatic(diabatic) binding energies and MRCI+Q bond distances are 17.2 (34.3), 9.6 (26.7), -10.2 (6.9), and -11.2 (5.9) kcal/mol and 1.528, 1.554, 1.679, and 1.700 Å, respectively.
MRCI results for all states of CoH + are given in Table S4, while Tables S5 and S6 list MRCI dominant CFs and Mulliken atomic populations. The above first four quartets of CoH − can be thought of as the result of an electron attachment to the σ -frame of the X 3 , C 3 − , B 3 , and A 3 states of CoH. As was already mentioned they all correlate diabatically to Co − ( 3 F) + H, hence the negative charge on the in situ Co is close to one (see below). For the four quartets originating from the first channel, Co(a 4 F) + H − ( 1 S), a slight interaction starts at 4 Å, whereat a charge transfer of 0.1 e − is observed from H − to Co. At 3 Å this amounts to 0.25 e − while it is double as much at r e = 2.5 Å. From that point on the transfer increases steadily until it rests at equilibrium almost entirely on the cobalt atom (∼0.9 e − ), see . 8) is considerably longer than that of the MRCI+DKH2+Q, r e = 1.600 Å. Employing the corresponding calculated α e = 0.282 cm −1 parameter in the formula B 0 = B e -α e /2, we obtain r 0 = 1.618 Å, now in affordable agreement with experiment. The multireference (or coupled-cluster) calculated ω e frequency cannot be compared readily with experiment due to the large error bars of the latter, ±150 cm −1 (Ref. 8) . One more experimental datum is known for CoH − : its ionization energy (or the EA of CoH), whence the dissociation energy of CoH − was obtained (vide supra). At the highest level EA (MRCI+DKH2+Q / C-RCCSD(T)+DKH2) = 0.731/0.674 in excellent agreement with the experimental value of 0.671 ± 0.01 eV. 8 Finally the SO interaction splits the X 4 into four components, 9/2, 7/2, 5/2, and 3/2 with |A| = 174.0 cm −1 , thus T( Tables S7, S8 , and S9.
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IV. SUMMARY AND REMARKS
The diatomic hydride CoH and its ions CoH ± have been studied by all electron high level variational multireference (MRCI) and single reference coupled-cluster (RCCSD(T)) methods, in conjunction with correlation-consistent basis sets of quintuple cardinality. Our motivation was the inherent interest on the 3d-MH hydrides as prototype diatomic molecules, the scarcity of experimental data on the CoH ± species, and, surprisingly, the lack of a systematic and thorough all electron first principles calculations, particularly for CoH. This should be related to the fact that although the H atom is computationally an ideal "ligand," recall that its first excited state is 10.2 eV high, CoH is a very demanding and capricious system burdened with all complications of 3d transition metal containing molecules. For 27 (CoH), 24 (CoH + ), and 12 (CoH − ) bound states we report MRCI+Q potential energy curves, common spectroscopic parameters, dissociation energies, dipole moments (CoH), separation energies, and SO coupling constants for the ground and low-lying states. Scalar relativistic corrections and core subvalence (3s 2 3p 6 ) correlation effects have been also applied to the ground states of CoH, and CoH ± . Our findings are outlined below. higher than experiment, we believe that theoretically, at least, the dipole moment is established to be higher than the experimental measurement. We believe that this disagreement will trigger further experimental investigation. 6 ) are of minor importance, scalar relativistic effects, however, are significant in consistently reducing binding energies by a few percent. This reduction is also observed in bond distances the values of which are driven away from corresponding experimental when relativity enters. The fact that at higher levels of calculation, including relativistic corrections, smaller r e 's are obtained, is certainly a remarkable discongruity.
We would like to believe that the present work is a useful contribution to the theoretical literature of the 3d-MH diatomic hydrides, and that it would further instigate experimental and theoretical work on this interesting and prototypic class of molecules.
